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NOTICE

The contents of this report reflect the
views of the Office of Transportation Lab-
oratory which is responsible for the facts
and the accuracy of the data presented
herein. The contents do not necessarily
reflect the official views or policies of
the State of California or the Federal
Highway Administration. This report does
not constitute a standard, specification,
or regulation.

Neither the State of California nor the
United States Government endorse products
or manufacturers. Trade or manufacturers'
names appear herein only because they are
considered essential to the object of this
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Quantity
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Volume

Yolume/Time
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Energy

Mechanical
Energy

Bending Moment
or Torque

Pressure

Stress
Intensity

Plane Angle
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CONVERSION FACTORS

éng]ish to Metric System (SI) of Measurement

English unit
inches {in)or{")

feet (ftlor(')

miles {mi)

square fnches (Tn2)
square feet (ftz)
acres

gallons {gal)

cubic feet (fta)
cubic yards (yda)

cubic feet per’
second (ft3js)

gallons per
minute {gal/min)

pounds {(1b)

~miles per hour {mph)

feet per second (fps)

feet per second
squared (ft/sz)

acceleration due to
force of gravity (G)

pounds per cubic
(1b/£t%)

pounds {1bs)
kips {1000 1bs)

British thermal
unit (BTU)

foot-pounds (ft-1ib)
foot-kips {Fft-k)

inch-pounds ft«]bs;
foot-pounds (ft-1bs)

pounds per square
inch (psi)
pounds§ per square
foot (psf)

kips per square
inch square_root
inch (ksi vin)

pounds per square
inch square root
inch (psi vTn)
degrees (°)

degrees
fahrenheit (F)

Multiply by

25,40
.02540

.3048
1.609

6.432 x 1074

.09290
4047

3.785
.02832
.7646

28.317

06309
4536

L4470
.3048

.3048

9.807

1.0988
0.0175

tF - 32
1.8

tc

To get metric equivalent

miliimetres (nmm)
metres {m

metres {(m)
kilometres (km)

square metres {mZ)

square metres (mz)
hectares (ha}

T{tres (%)
cubic metres (ma)
cubic metres (ms).

litres per second (1/s)

titres per secoend (1/s)
kilograms {kg)

metres per secohd {m/s}
metres per second (m/s

metres per second
squared (m/szj

metres per second
squared (m/sz)

kilograms per cubic
metre (kg/ma)

newtons 5N)
newtons (N}
joules {J)

Joules (J)
joules (J)

newton-metres ENm;
newton-metres (Nm

pascals (Pa}

pascats (Pa)
mega pascals vmetre (MPa vm)

kilo pascals /metre (KPa vm)

radians {rad)

degrees celsius (°C)
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1. INTRODUCTION

History

Corrosian of steel structures has Tong been a problem to
engineers in terms of costly initial protective coatings,
maintenance of coatings, and repair or replacement of
steel, Material shortages and environmental restrictions,
along with inflated costs, have aggravated these problems,
The steel industry, in response to these problems, has
developed numerous "weathering steels" which are advertised

to have four to six times the corrosion resistance of plain

carbon steel and twice the corrosion resistance of carbon
steel with copper in the unpainted condition. In addition,
these steels possess higher yield and ultimate strengths
which allow savings in materials and dead weight.

" The mechanism of this increased corrosion resistance is the

addition of small amounts of alloying metals which combine
with the steel and corrosive agents to form a tight rust

which protects and slows down the corrosion of the underly-

ing metal.

Researchers have found, however, that rates of corrosion
and corrosion patterns vary with atmospheric conditions,
with the type and concentrations of pollutants, and with
other factors as well. Michigan Department of Transporta-
tion, for example, has found that in sheltered areas with
salt present and prolonged time of wetness, the corrosion
process continued actively.(l)

www . fastio.com
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Mﬁthﬁéénﬁﬁéﬁé@tment'bf Transportation has approximately 500
bridges constructed from A588 weathering steel during the
period 1965 through 1979 and is. expecting to have to paint
them at service Tives of 10-20 years.(I) This in itself
presents no difficulty but they are finding that the salt
is very difficult, if not impossible, to remove from the
pitted surface of the steel. The presence of salt due to
its use in deicing and moiéﬁure.seems to be the biggest
C&QSa‘of_cunrasionp_

Chﬁiﬁornfa.ﬁppTTcatﬁen

Calffornia,'fortunaﬁeiy, does not have Michigan's problem
of many unpainted steel bridges and heavy usage of deicing

salts. Tax dollars might be saved, therefore, by using
‘wedthering steel or a similarly corrosion resistant struc-

tural steel unpainted in areas where corrosiom will form a
stable impervious coating or patina that protects the
surface. The corrosion rates of these steels are, however,
qifficu1t'to predfcﬁ'becauseﬂmany-factors affect these
rates. There are, mnreover, limited data available to

indicate how corrosion: rates would vary for different cli-

matic and geographic locations in Califeornia.

Pu&poses\andjObjeCtﬂwgs

The purpose of thi§ project, therefore, was to evaluate the
corrosion resistance of weathering steels and other simi-
TarTy'a}loyed‘structdraT steels at suburbran, industrial,
and'marine-locatfon&‘in California by means of a series of
observations and measurements defined in the following
project obiettives: '

www.fastio.com
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1. To measure overall corrosion rates and assess general
oxidation patterns observed on a series of corrosion test
specimens from samples of weathering and similar structural
steels exposed for a number of years at each of the three
corrosion test sites. '

2. To assess the corrosion builtdup, if any, on the faying
g surfaces of bolted and of.welded jointis.

3. To assess the color, buildup, and pitting of the cor-
rosion on the various filler metals in the weld joints,

4. To assess any unusual localized corrosion or pitting
on any of the corrosion test specimens.

Steel Types Tested

One carbon, five weathering and three quenched and tempered
structural steels were selected for this corrosion study.
These steels are identified in Table I.

TABLE I
ASTM Designation Manufacturer Proprietary
and Grade or Type or Source Name
A7 CalTrn Stock(CHC) -
A242 Type 1 Beth. Steel Mayari R
) A242 Type 1 U.S. Steel Cor-Ten A
_ A588 Grade B U.S. Steel Cor-Ten B
- A588 Grade G Armco Steel Hi Strength A
A588 Grade H Kaiser Steel Kaisaloy 50 CR
A514 Grade D Armco Steel $SS100
A514 Grade E Armco Steel SSS100A
A514 Grade F U.S. Steel T-1
3
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Specimen T&bbﬁ ‘and Preparation

A sample from each of the steels which were to be tested
was made into four types of corrosion test specimens. Type
1 was a 12"x12" -square flat plate conta¥ning two butt welds
and two or four surface welds machined flush over one-half
their lengths. These Type 1 specimens -are illustrated 1in
Fﬁ@ureséza“thhough 10b. Types 2 and 3 specimens were
6"x12" rectangular flat plates with two 3" Tengths of 3x3
angles of ‘the same steel variously attached to them. Type
2 -had the two .angles intermittently welded “back to back™
to the plate to form -an inverted T with unsealed faying
surfaces between the legs of the joined angles and the
pﬂate! Type 3 had the two -angles separated. Each angle
was~filieijwé]ﬁed to the plate all around The faying angle
leg to seal faying surfaces. The Type 4 specimen was a
6"x12" rectangular flat plate with a 6" Tength of 3x3 angle
_boﬁted to it so that the faying surfaces were not sealed.
Spécimen‘Types 2, 3 and 4 are 1llustrated in Append{x B.

The plates and angles used to make the specimens were sand-
blasted to a white metal finish before being joined with
welds or fastemers. The thickness of each plate was mea-
sured to thefnedrest mil :at 12 to 14 points around its
edges 4fter it had been sanmdblasted. The points at which
the measurements were made are located by distance from the
end and the side of the plate. These distances were

" vecorded so that thicknesses could be remeasured at the

~ same poinfs'after the steels ‘had weathered. The weight of
each assembled specimen was recorded to the nearest gram
‘before -it was exposed at any -of the ‘test sites.
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Corrosion Test Sites

A total of 108 corrosion test specimens were fabricated for
this project. There were 4 specimens from each of 9 steel
samples exposed on weathering racks at each of three types
of corrosion test sites in California.  The site selected
for the marine atmosphere corrosion tests was the ASTM test
rack Tocated 1300 feet from the ocean on the Point Reyes
peninsula 35 miles northwest of San Francisco. The site
selected for the industrial atmosphere corrosion tests was
the city of Commerce, an incorporated industrial area 6
miles southeast of the Los Angeles Civic Center. The site
selected for the suburban atmosphere corrosion tests was
Caltrans Transportation Laboratory on the southeastern
outskirts of Sacramento, a city with no heavy industry and
Tocated in the middle of a farming area about 100 miles
from the ocean.

Test Procedures

Test specimens were photographed on the racks at intervals

during the first 2 years of exposure. After 13 years of
exposure, the specimens at each site were photographed,
removed from the racks, individually encased in plastic
bags, and returned to the Transportation Laboratory for
analysis. There they were weighed, measured, photographed
again, chemically analyzed for unusual corrosion products.
and for sulfur and chlorine in these products, chemically
stripped of corrosion and reweighed. This report covers
the information gathered from these test procedures.

www . fastio.com
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" 9. CONCLUSIONS

The corrosion rates of weathering and of gquenched and tem-
pered structural steels determined by this project are in
reasonable agreement with the corrosion rates for simitar

lstee1s reported by C. P. Larrabee and 5. K. Coburn(10).

The corrgsion rates determined for carbon steel in urban
and industrial environments was much less than that report-
ed for similar environments by Larrabee and Coburn. These
lower corrosion rates were attributed to the reduced rain-
£211 at the urban and industrial test sites used in the
california tests. These comparisons are shown in Table D
in Appendix A wherein Larrabee's and Coburn's data have

been dinterpolated to provide 13-year penetration values.

The corrosivities of the three test environments {(based on
penetrat1on equivalent to the averaged corrosion of the
weathering and the quenched and tempered steels) vary from
0.09 mils/year for the Tow rainfail urban environment to
0.16 mils/year for the low rainfall 1ndustr1a1 environment
to 0.33 mi1s/year'for the marine environment. Thus, corro-
sion in the marine environment was 2.1 times that in the
industrial environment and 3.7 times that in the urban
environment, and corrosion in the industrial environment
was 1.8 times that in the urban environment. On this
basis, one can ass1gn relative corrosivities of 1 to nonin-
dustr1a1 locations in California desert and valley regions,
1 8 to, 1ndustr1a1 locations in these desert and valley
regions, and 3.7 to all regions within 10 miles of the
Pacific Ocean or any saline embayment contiguous with the
ocean.
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These penetration rates derived from racked corrosion spec-
imens may not be valid for sheltered horizontal and verti-
cal surfaces which can collect debris and moisture without
ever being washed clean. An examination of such surfaces
on the unpainted weathering steel in the Antioch Bridge
indicates that the penetration rate on such surfaces may be
as high as 2.5 mils/year. '

Unpainted weathering steels and unpainted quenched and
tempered steels corrode at the same rate in the same
environment.

Weathering and quenched and tempered structural steels pit
and corrode too irregularly and too deeply in a marine
environment to be safe for long term use without a protec-
tive paint system, Pitting occurred on the faying surfaces
of eight of the nine bolted corrosion specimens tested in
the marine environment. '

The long term corrosion rates of weathering and of quenched
and tempered structural steels do not appear to vary with
rainfall within the limits found in California.

The long term corrdsion rates of carbon steels appear to be
directly proportional to rainfall as well as to the quanti-
ty of chlorides and sulfides present in the atmosphere.

Comparisons of the corrosion rates of carbon steels with

those of weathering and those of quenched and tempered
structural steels are invalid without an adjustment to ac-
count for the influence of rainfall on the corrosion rate
of carbon steel. The corrosion resistance of the tested
weathering steels averaged, respectively, 1.4 + 0.1 times,
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1.1+ 0.1 times and 1.9 + 0.3 times that of the tested

carbon steel at the urban and industrial locations of low
rainfall and at the marine location. Similar comparisons
for the tested quenched and tempered steels averaged 1.6 +
0.2 times, 1.1 + 0.1 times, and 2.0 * 0.4 times.

Nb weathering or quehched and tempered steel tested dis-
played a corrosion resistance more than 2.52 {imes greater
than that of carbon steel in the corresponding test,

Weldments do not increase the corrosion rates or cause lo-

calized corrosion of butt welded plates or angles welded to
plates. Weldments do not cause great differences in color

of weathered specimens.
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3. RECOMMENDATIONS

Weathering steels should be painted in marine and industri-

al environments with relative corrosivities of 1.8 times
N greater than that dincurred in a rural or urban environment,
It may be possible to use weathering steel in the unpainted
cohdition in inland suburban locations but site conditions
should be investigated before hand. Tension members
subject to cyclic loading should be protected against
pitting.

ClihPDF - www .fastio.com
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4. IMPLEMENTATION

Relative corrosion rates of five weathering steels and
three quenched and tempered versus carhbon steel at three
eﬁvironmenta]]y different locations in California deter-
mined by this project should be considered by designers who
are planning to use unpa{nted weathering steel in & steel
structure. . o

The photographic record of the weathered appearance of the
nine steels used in this project are available to designers.
-whd are concerned with designing aesthetically pleasing
structures.

10
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5. TECHNICAL DISCUSSION

5.1 Specimen Preparation

In order to retain a permanent identification of all spec-
imens, a coded system of notches was developed. Specimens
can be readily identified with this system by referring to
Figure 1 and as follows:

The first notch measured from the right end indicates loca-
tion as follows: ' '

1" from end Sacramento, 1-1/4" from end Point Reyes, 1-1/2"
from end Los Angeles. The three locations are coded with
the digits 1 through 3, respectively. ‘

The second notch indicates the producer and is coded 1
through 5. The third notch indicates the steel grade and
is coded 1 through 5. Finally, the configuration type
butt welded plate, welded spaced angles, etc., is coded 1
through 4. Using this system, and if the lst notch mea-
sures 1", the second 3", the third 7" and the configuration
is butt welded plate, the coded number would be 1111. This
would indicate (going from right to left) that the location
is Sacramento, the producer is U.S. Steel, and the grade of
steel is Cor-Ten A {(since that is the only steel grade in
group 1 produced by U.S. Steel) and the configuration is
butt welded plate.

The butt welded plates were welded by lab personnel with a
selection of electrodes for comparison of corrosivity and
color. Part of the reinforcement was ground flush so that

11
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EDGE VIEW PLATE

14" INTERVALS

STEEL
~[Corten A
1, -»{Hi'S;tnength A
i L' Kaisaloy 50 Cr
; ';L_;'a ;{"Cor-’t:en B
: 1-$SS 100

LOCATION
|. Sacramento

2.'Point Reyes
3.Los Angeles

[ — 3.5{'.*"1' EES |
1 SSSI00 A o " PRODUCER
—4.  Mayari R i I 1. US Steel

5 A-T ‘ | - —-—-2 ‘Ka-iser Steel

| 1% 3. Armco Steel
| L——— 4. Bethiehem Steel
5. CHC

TYPE

| I, ‘Butt - ‘Welded Plate.
2. Intermittenly Welded Angles.
3. All .W-?en‘*l»d-‘ed' Angle.
4. '-M-est.:'h@nri?c-a:ll-y Attached Angle.

 SPECIMEN IDENTIFICATION

12 -
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color and Eorrosion patterns for thié condition and also
for the condition of undisturbed reinforcement could be
evaluated.. The elecirode designations used on each steel
grade for the butt-welded plates, along with a photograph
of the Sacramento specimens with corrosion products intact,
are presented in Figures 2a through 10a. Similarly, photo-
graphs of butt-welded plates from the Los Angeles and Point
Reyes sites can be seen in Figures 2b through 10b.

The plates and angles used for fabricating the intermit-
tently welded butted angles and the all welded spaced
angles were of the same grade of steel in each configura-

-tion. The electrodes used for each grade of steel were the

same as the electrodes used for each grade of steel used in
the butt-welded plates. Similarly, the angles and plates
used in the mechanically attached specimens were of similar
chemical composition but the hardware varied in composition
as listed in Table A, Appendix A. Chemistries of the nine
grades of steel and their ASTM designations at the time of
placement at the three sites and the ASTM designations that
they fit currently are presented in Table B, Appendix A.
The bolted connections in the mechanically attached speci-
mens were torqued to values alsb tTisted in Table A.

After sandblasting and assembling, the specimens were
wéighed to the nearest gram and the plates were measured
with a micrometer to the nearest mil at 12 to 14 points
around the periphery located by coordinate measurement,
The specimens were then transported to the three sites and
placed on racks specially prepared for them.

13
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COR-TEN A U.S. STEEL LOS ANGELES

Figure 2Zb
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COR-TEN B U.S. STEEL LOS ANGELES

Figure 3b

17

ClihPDF - www .fastio.com


http://www.fastio.com/

| A
‘ __1;:::——-——<( E11018 >»——————///
. ' ”%..
/—< E70I8
, E 7018 :
e
A' -4
| | S |
e , .
! : ; . =1
— 12"
h.__- 4%11 '.:.J_L

yu

i 1 [ >
T-1 U.s. STEEL SACRAMENTO

"FIGURE 4a
18

ClibPD www . fastio.com



http://www.fastio.com/

T-1 U.S, STEEL LOS ANGELES
Figure‘4b
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MAYART R BETHLEHEM STEEL PT REYES

MAYART R BETHLEHEM STEEL LOS ANGELES

Figure 5b
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HI-STRENGTH A ARMCO STEEL LOS ANGELES

. Figure 8b
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SSS-100 ARMCO STEEL PT REYES

3

$SS-100 ARMCO STEEL LOS ANGELES

2

Figure 9b
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SSS 100 A ARMCO STEEL PT REYES

SSS 100 A ARMCO STEEL LOS ANGELES

Figure 10b
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5.2

eTected'td'represent inland suburban,

The three sites
temperate. coastal, and urban semi-industrial were, respec-
t1ve1y, Sacramento, Po1nt Reyes, and Los Angeles.

' ‘1]' R
In Sacramento, the weather1ng rack was placed on top of
what is now the ma1n bu11d1ng of the Transportat1on Labora-
tory located on: FoTsom Boulevard between 59th and 65th
Streets. Thns‘1s about two miles southeast of the center
OftSacramente;.fThe‘raCk_waé“ﬁnc1ined 30° from the horizon-
tal and faced sguth. '

" The Point Reyes site i; located on the ASTM corrosion test
"site on the Point Reyes peninsula 1/4 mile from the ocean.

The rack was inclined 30° from the horizontal and faced
west. o '

In Los Angeles, the weathering rack was placed at ground
level at a Cal1forn1a Department of Transportation Mainte-

nance Station c]ose to the Santa Ana Freeway (Interstate 5)
in the City of: Commerce wh1ch is a few miles southeast of
the center of Los Angeles Th1s rack was inclined at 30°

to the hor1zonta1 and faced ‘east.

The specimens were held in niade with ceramic insulators
and spaced so that: mater1a1 washed from one would not con-
taminate anothervas can be viewed in Figure 11 which shows
the specimens infpiace on the weathering racks at approxi-
mately 13 yeans. ' '
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LOS ANGELES
Figure 11
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" Specimen ‘Removal

After photegraphing, the Speeimens were carefully removed
from the racks and placed in p]ast1c bags so that they
would not be marred and a]so so that the loose corrosion
products would be saved for;poss1b1e analysis. In the
Sacramento Trahsportation'Leboratory, the specimens were
we1ghed to the nearest gram with the corrosion products
1ntact and the th1ckness measurements were made at the same

‘po1nts around the per1phery of the plates where they were

measured or1g1na11y At this time the specimens were exam-
ined for Tlocalized corrosion, swe111ng or prying action
betweeh'the faying surfaces, and unusual color differences.
Estimatesfwere#made‘of the relative roughnesses of the sur-
facesfofohe'specimens at this time.

Ind1v1dua] color pr1nts and color 'slides were made of all
specimens. ' ‘

5.4 Cleaning and Measurement

The specimens were dipped in Clark's Solution as per ASTM
G-1 and brushed w1th a soft br1st1e brush until the corro-
sion products were removed(g) ' After the specimens were
removed- from the C1ark s Solut10n they were washed with
water and then r1nsed with ethano] and a]]owed to air dry.

After c]ean1ng, the specfmens”Were agein measured at the
or1g1na1 po1nts to the nearest mil" and weighed to the near-
est gram for th1ckness 1oss and weight loss determination.
The 0r1g1na1 1ntermed1ate, and final weighings and average
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thickness measurements along with the differences in aver-
age thicknesses and calculated weight losses in grams /-
square decimeter are presented in Table C, Appendix A.
Areas used in the determination of weight loss per unit
area are total surface areas exposed. That 1is, edges,
angle faces, faces of bolts and so on are all included.

Faying surface area is, however, not included.

5.5 Color Appraisal

As can be seen in the photographs of the individual speci-
mens in Appendix B and Figures 2a,b through 10a,b, the
color varies considerably between sites but is fairly
uniform within the site. The chor of the Sacramento.
specimens was generally a dark brown with reddish to purple
mottling. The Point Reyes specimens tended to be a bright-
er orange color., The Los Angeles specimens were a dull
plain brown color. The ground weld areas and untouched
weld reinforcement colors were not appreciably different
from the other surface colors. ' '

5.6 Surface Roughness

The surface roughness of the Sacramento specimens with
corrosion products intact, as estimated with a comparitor,
ranged from 125 to 250 micro inches on the fully exposed
surfaces and 250 to 500 plus micro inches on the under’
surfaces with no major deviations between the individual
specimens. The surface roughness of the Point Reyes speci-
mens varied between 250 and 500 micro inches on the fully
exposed surfaces and 500 plus micro inches on the under-
sides of the specimens. The Los Angeles specimens varied
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in“Foughness on the fully exposed surfaces in the 125 to
250 micro inch range ‘and 250 to 500 micro inches on the
undersides.  These ‘roughness comparisons do not include
localized severe corrosion which will be dealt with on an
individual basis.

5.7 Data Analysis

5.7.1 MWeight Loss

The-weight loss per unit area data proved to be more con-
sistant than the thickness measurements. This data can be
found in Table C, Appendix A.

The average thickness measurements can also- be found in
this table but due to their inconsistancy, more attention

“was ‘given to the weight loss per .unit area.

Comparisons of relative corrosion resistance were made for
each Tocation on the basis of weight Tloss per unit area.
These comparisons, which are listed in Table D, are made
relative to the weight loss per unit area of the ASTM A7
specimens., The comparison was made separately for each
configuration at each location. It can be readily seen
%hat none of the steels have a relative corrosion resis-
tance gredter3than 2.52 except some in the butted angle
group. ' ‘

The accuracy of the data in the butted angle group is
suspect because of the unknown amount of corrosion between
the angles. The data in Table D for the Hi-Strength A,
SSSF]OO,and SSS '100A butt-welded plates at ‘the Los Angeles
site are'ajso‘éuspect becduse of nonagreement with the re-
sults from the other configurations.

36


http://www.fastio.com/

ClibhPDF -

The CHC material was all plain carbon steel meeting the
chemical and physical requirements of ASTM A7 except the
angles used in the all welded spaced angles and the mechan-
jcally attached angles which contained enough coppéer to
meet the requirements of bOpper steel. This ‘accounts for
the low weight loss per unit area of these two groups as
compared to the butt-welded plates.

One of the nuts used with the Cor-Ten A mechanically
attached angle configuration placed at Point Reyes was
almost 60% corroded away (see specimen 4112, Figure lba, in
Appendix B) and the surface of the angle underneath the nut
was dished out. This appeared to be some sort of battery
action and when a side of the nut was polished, etched, and
observed under a microscope, the nut turned out to be ex-
tremely low in carbon. The carbbn content turned out to be
less than 0.1% which is roughly the carbon content of ingot
iron. The weight loss due to the Jow carbon nut and the
reaction with the low alloy angle contributed substantially
to the weight loss per unit area of this specimen (4112).

The weight loss per unit area after 13 years of the Point
Reyes and Los Angeles specimens is compared to results of
Thomas and Alderson(2) in Figures 12 and 13. Their graphs
for marine and industrial environments are projected to 13
years so that a comparison of weight loss per unit area may
be made. Table C gives weight loss in grams per square
decimeter and the graphs by Thomas and Alderson give only
total weight loss in grams but they list the dimensions of
their specimens so that the area may be calculated. Also,
their specimens are "MT 1010" steel which has a different:
chemistry from the A7 mild steel used in this project.
However, it can be seen that the'resu1ts at Point Reyes
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“comp'are favorably. The average weight loss of the four
specimens for the: same surface area as that of the Thomas

and{A]derson specimens is 14.0 grams and the projection of
their curve to 13 years comes out at 15.5 grams. The
industrial location (Los Angeles), however, did not compare

"as‘favorably' The average weight loss of the four speci-

mens is less than 4 grams at 13 years versus 6 grams at 5
years for the Thomas and Alderson specimens. A graph

‘(F1gure'14) from the metals handbook by C. Larrabee also
~ shows that" the weight loss of the carbon steel specimens in

Los ‘Angeles compares to the weight loss of low alloy steel

in an industrial atmosphere.(3)

'5.7.2 Corrosion Product Analysis

" The ‘Toose corrosion products that were retained from the
 specimens were analyzed for sulphur content and chlorine

content. These results are presented in Table F, Appendix

}Au The sulfur contents of the specimens were highest in
Los #Angeles as expected but followed closely by the

Sacramento specimens. The percentages were averaged and

found to be .90, .80, and .19 for Los Angeles, Sacramento,
and Point Reyes, respectively. The highest chlorine con-
tent was found to be in the Los Angeles specimens. These

percentages were averaged to be .55, .19, and .05 for Los

Angeles, Point Reyes, and Sacramento, respectively. As it
turns out, Los Angeles has the highest clorine and sulfur
contents but Point Reyes has by far the highest weight
loss. This can be explained by the time of wetness factor

-which has a significant effect on the corrosion .

procéss.(g,i) Also, the combination of high sulfur and

chlorine in the absence of excess moisture may have allowed

the steels to form brotective coatings of corrosion
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produéts. Another possibility is that the chlorides in the
Point Reyes specimens may not have been tied up in
insoluble compounds and subsequently were washed away with
the rains. Another factor in the high corrosiveness of the
Point'Reyes site is the fact that the area has the highest
incidence of fog of any area in the State.(2)

5.7.3 Localized Corrosion

Localized pittihg and severe corrosion was limited to the
Point Reyes specimens. As mentioned earlier, the most ex-
treme case was that of the Tow carbon nut used on the 4112
specimen. Sixty percent of the nut by weight was corroded
away and the angle surface beneath the nut was dished out
so that the corroded angle thickness was reduced 0.053
inch. This is about 22% of the weathered angle thickness.
The dished out area was semicircular and ranged from 0.30
inch to 0.40 inch wide. Photographs of this specimen may
" be seen  in Appendix B, Figures 15a and b.

The. angles on specimen 3552 had tﬁo large deep pits as can
be seen in the photographs of this specimen in Appendix B,
Figures 16a and b. The depths of the two pits were 0.061
and 0.054 inch which is approximately 25% and 22% of the
corroded angle thickness. (Original angle thicknesses were
not measured. Percentages are of weathered thicknesses.)
Specimen 2552 had a very high weight loss and it can be
seen in the photogfaph in Appendix B, Figures 17a and b,
that the two plates are spread about 3/16" and the tops of
the angles are preferentially corroded on one side. Ap-
proximately 3/16" of the vertical height of the angles is
corroded away on one side. The faces of the angles are
déép]y pitted to 30% of thickness. Specimen 2232 (not
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shown) has one large deep pit close to one corner. This pit
is approximately 0.075 inch deep. Specimens 2443 and 2442
(nqt shown) have no localized deep pitting but the corro-

~sion products between the butted angles has spread the

angles and broken the welds. The rougher weathered
surfaces were generally more deeply pitted than the finer
textured surfaces.

5.7.4 faying Surfaces

The faying surfaces of the mechanically attached angles
specimens from Sacramento and Los Angeles were free of
pitting. The faying surfaces of all but one of the mechan-
ically attached Point Reyes specimens were significantly
pitted. The one specimen free of pitting was 4212 (not
shown). Pictures of the pitted surfaces of selected speci-
mens are included in Appendix B, Figures 18a, b and c.
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HARDWARE AND TORQUES USED ON .MECHANICALLY ATTACHED -ANGLES

SPECIMEN PRODUCER BOLT DIAMETER) TORQUE
. D. OR SOURGE STEEL GRADE HARDWARE SPECIFICATION INCHES { FT- LBS.
- 4111 u.s. Cor-ten A A-325 5/8 230
4112 Steel (A242}
4113
4211 u.s. Cor-ten B A-325 5/8 | 230
4212 Steel (A242)
4213 :
431t u.s. T-1 A-325 5/8 230
4312 Steel (514 GR.F)
4313
444 Bethlehem Mayari R A-325 3/4 340
4442 Steel {A242)
4443
4551 CHC Carbon A-325 3/4 340
4552 Steel (A7)
4553
' Hi Strength _
4121 Kaiser Kaisaloy 50CR | Weathering & 3/4 340
4122 Steel (A588 GR.H) UNS Medium
4123 Carbon Heat
Treated
4131 | Armco Hi Strength A | Hi Strength A 5/8 | 230
4132 Steel {A242) (A325)
4133
4231 Armco $8S100 Hi Strength A 5/8 230
_ 4232 Steel {A517 GR.E)} {A325)
- 4233
: 4331 Armco SSS100 Hi Strength A 5/8 { 230
» 4332 Steel {A517 GR.D} (A325)
4333
"Table A
47
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TYPE ENVIRONMENT AND SOURCE CARBON STEEL WEATHERING STEEL QUENCHED AND TEMPERED STEEL
. Marine
Point Reyes 8.30 + 1.18 4.39 + 0.55 4.21 + 0.44
- Moderate Marine
Larrabee & Coburn 9.7v 5.37 + 1.47 5.03
Industriatl . _
Commerce (L.A.) 2.32.+ 0.14 2.05 + 0.1 2.08 + 0.19
Industrial (Ave,of3)
Larrabee & Coburn 5.93 + 0.32 1.82 + 0.22 2.02 + 0.27
Suburban _
Sacramento 1.69 + 0.12 1.19 + 0,14 1.08 + 0.15
Rural X
Larrabee & Coburn 4.17 <1.37 1.84

COMPARISON WITH RESULTS BY LARRABEE & COBURN
ON A MILS PER 13 YEARS BASIS

TABLE E
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CTYPE STEEL

- SACRAMENTO

PT. REYES LOS ANGELES
%S %1 %S %C1 %S %C1
:: -'Co'r'—Ten_A _ o :
1 A242 Type 1 0.94 0.07 0.23 0.27 1.05 0.60
Cor-ten B~
. A588 GR.B 0.72 0.03 0.16 0.18 0.91 0.58
15 11
_A514 GR.F 0.78 0.10 0.21 0.17 0.88 0.52
- |Hi Strength |
A 0.79 0.05 0.18 0.18 0.79 0.59
A588 GR.G
{ $S5100
A514 GR.E 0.90 0.07 0.15 0.26 0.93 0.59
 SSST00A _
A514 GR.D - 0.81 | <0.01 0.22 0.15 1.03 0.55
 MAYARI R
A242 Type 1 0.89 0.09 0.16 0.20 0.49 0.56
KAISALOY
50CR 0.75 | <0.01 0.21 0.22 0.67 0.51
‘A588 GR.H -
AT _ _
¢ 283 GR.D 0.65 | 0.04 0.06 0.10 0.81 0.43

ClibPDFE - wivw fastio.com

PERCENT SULFUR AND CHLORINE IN CORROSION PRODUCTS
BY LOCATION AND TYPE STEEL

- TABLE F

60
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~ APPENDIX B
I
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COR-TEN A STEEL SPECIMEN FROM PT REYES. LOW CARBON
STEEL NUT IS 60 PERCENT CORRODED AWAY.

Figure 15a

L] ¢ A A S

COR-TEN A STEEL SPECIMEN FROM PT REYES AFTER CORROSION
PRODUCTS REMOVED. NOTE DISHED OUT AREA UNDER NUT.

Figure 15b
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A-7 STEEL BEFORE CLEANING. ANGLE HAS 0.5 COPPER.

Figure l1lb6a

. P S

& . e — e —————
AFTER CLEANING. LOCAL CORROSION HAS CAUSED DEEP PIT.
- Figure 16b
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A-7 STEEL WEATHERED AT PT REYES IS SEVERELY CORRODED.
TOP LEFT HALF IS PREFERENTLY CORRODED.

Figure 17a

SIDE VIEW OF A-7 SPECIMEN SHOWN IN 17a.
NOTE SPREADING OF ANGLES.

Figure 17b
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.§S$

b T

COR-TEN A STEEL SPECIMEN FROM PT REVES.
Figure 18c¢
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